Mycobacterium tuberculosis has a group of 34 FadD proteins that belong to the adenylate-forming superfamily. They are classified as either fatty acyl-AMP ligases (FAALs) or fatty acyl-CoA ligases based on sequence analysis. FadD10, involved in the synthesis of a virulence-related lipopeptide, was mis-annotated as a fatty acyl-CoA ligase; however, it is in fact a FAAL that transfers fatty acids to an acyl carrier protein (Rv0100). In this study, we have determined the structures of FadD10 in both the apo-form and the complexed form with dodecanoyl-AMP, where we see for the first time an adenylate-forming enzyme that does not adopt a closed conformation for catalysis. Indeed, this novel conformation of FadD10, facilitated by its unique inter-domain and intermolecular interactions, is critical for the enzyme to carry out the acyl transfer onto Rv0100 rather than coenzyme A. This contradicts the existing model of FAALs that rely on an insertion motif for the acyltransferase specificity and thus makes FadD10 a new type of FAAL. We have also characterized the fatty acid preference of FadD10 through biological and structural analyses, and the data indicate long chain saturated fatty acids as the biological substrates of the enzyme.
Adenylate-forming enzymes are found in a variety of important biological processes in both eukaryotes and prokaryotes (1) . They show wide diversity in their catalytic activities and biological functions. The adenylate-forming superfamily of enzymes is composed of luciferases, amino acid adenylation domains of nonribosomal peptide synthetases (NRPSs), 2 acylcoenzyme A (acyl-CoA) synthetases, and acyl-acyl carrier protein (acyl-ACP) synthetases. These enzymes first use ATP to adenylate the carboxylate group of the cognate substrate, which is then followed by the transfer of the acyl moieties to the corresponding acceptors, for example, luciferyl to oxygen, aminoacyl to peptidyl carrier protein domains, and fatty acyl to CoA or ACPs. The fatty acyl-CoA synthetases (EC 6.2.1.3) and fatty acyl-ACP synthetases (EC 6.2.1.20) have also been referred to as fatty acyl-CoA ligases (FACLs) and fatty acyl-AMP ligases (FAALs), respectively (2) (3) (4) (5) . Both enzymes have acyl-AMP ligase activity. However, FACLs transfer fatty acyl chains to coenzyme A, whereas FAALs transfer fatty acyl chains to ACPs. Within the genome of Mycobacterium tuberculosis, there are 34 fadD genes that have been annotated to be members of the adenylate-forming superfamily (6) . Although the precise functions of most are unclear, several have been shown to be involved in the synthesis of bioactive lipids that are essential for bacterial survival or virulence (7) (8) (9) (10) and thus represent potential targets for drug discovery. Multisequence alignment of the 34 M. tuberculosis FadDs revealed two subclasses, 12 FAALs and 22 FACLs (2). The 12 FAALs share a much higher sequence homology (70 -80% identity) than the FACLs (20 -30% identity). Interestingly, 10 of the 12 M. tuberculosis FAAL-encoding genes are located in close proximity to multienzyme polyketide synthases. Biochemical studies have shown that three of the FAALs (FAAL26, FAAL30, and FAAL32) transfer long chain fatty acyl moieties to the polyketide synthases, PpsA, PKS6, and PKS13, respectively (2, 11, 12) . Therefore, it has been suggested that FAAL enzymes activate fatty acids as adenylate derivatives and sequentially transfer acyl moieties to cognate modular enzymes, particularly their ACP domains, to be further processed into complex lipids (2, 3) . Recent structural and biochemical studies of M. tuberculosis FAAL28 (3) and FAALs from Escherichia coli and Legionella pneumophila (4) have provided a molecular basis for their catalytic mechanism. These studies have identified a signature sequence motif, consisting of an insertion of about 20 amino acids, that defines the function of this newly recognized subclass of the adenylate-forming superfamily and distinguishes them from FACLs (3, 13) .
FadD10 (Rv0099) is present on an operon consisting of Rv0096 -Rv0101. The operon has been the subject of many studies (14 -16) because it is involved in making a virulenceessential lipopeptide using an NRPS (Rv0101, nrp). Mycobacterium smegmatis has a similar NPRS, called mps, which synthesizes a glycopeptidolipid (17) . We have shown that Rv0098 (14) is a fatty acyl-CoA thioesterase. Although the identity of the lipopeptide produced by M. tuberculosis Rv0096 -Rv0101 operon is not known, its biological significance was indicated in several studies. For example, Rv0096 was demonstrated to be required for M. tuberculosis survival in mouse macrophages (18) , and Rv0098 to Rv0101 were predicted, using transposon site hybridization, to be required for M. tuberculosis survival in a mouse model of infection (19) . It has been suggested that the products of the operon repressed the SigM factor that further regulates a series of metabolic pathways and modulates the host-bacteria interactions (20) . Despite the biological significance of the lipopeptide produced by the Rv0096 -Rv0101 operon, neither the isolation nor the identity of this lipopeptide have been reported; therefore, an alternative approach to define its chemical structure is to characterize the function and mechanism of the individual proteins involved in its synthesis.
Rv0098 -Rv0101 are essential for M. tuberculosis survival in the mouse model of infection (19) . Hence, they are likely to have direct enzymatic roles in the synthesis of the virulence-related lipopeptide product of the operon. As mentioned above, our biochemical and structural characterization of Rv0098 has shown that it encodes a thioesterase capable of hydrolyzing a long chain fatty acyl-CoA to release a fatty acid and coenzyme A (14) . Rv0100 is clearly an ACP according to sequence analysis, and it shares 24.4% sequence identity to the primary M. tuberculosis ACP (Rv0033) involved in type II fatty acid biosynthesis. Rv0101 is a two-module NRPS, with the first module of an undefined amino acid specificity and the second module to incorporate phenylalanine (21) . M. tuberculosis FadD10 (Rv0099) was designated as an FACL based on sequence analysis (2) . However, the presence of a thioesterase (Rv0098) immediately upstream suggests that fadD10 is unlikely to function as an acyl-CoA synthetase because this would put two enzymes with opposing functions next to each other in the operon. Indeed, the fact that fadD10 is located in close proximity with a multifunction enzyme (Rv0101) is analogous to the M. tuberculosis FAALs. These findings suggest that M. tuberculosis FadD10 activates and transfers the fatty acyl chain to the cognate ACP-Rv0100. Chhabraa et al. (16) recently showed that FadD10 does not acylate CoA but is able to transfer a radioactively labeled dodecanoyl moiety to Rv0100 in vitro. This suggests that FadD10 has FAAL activity even though it has a primary sequence more similar to FACLs. FadD10 has much lower sequence similarity to the members of the M. tuberculosis FAALs cluster and moreover lacks the signature motif critical for FAAL activity (Fig. 1) ; hence, it is intriguing to delineate the molecular basis underlying this discrepancy.
In this study, we have solved the structures of both apo-and dodecanoyl-AMP-bound M. tuberculosis FadD10, leading to the characterization of a novel ligand-bound conformation for the adenylate-forming superfamily. Instead of undergoing conformational rearrangement between the N-and C-terminal domains, as observed in all the other reported adenylate-forming homologues (22) , FadD10 retains a single open conformational state for both the apo-and ligand-bound forms. We find that FadD10's FAAL activity can be explained by its unique inter-domain and intermolecular interactions, a mechanism distinct from that known for the other FAALs. Our modeling studies identify the binding site of the ACP (Rv0100) onto FadD10 in the acyl transfer reaction. Also, our studies provide a structural basis for the fatty acid preference of M. tuberculosis FadD10, which may eventually aid in elucidating the chemical 
EXPERIMENTAL PROCEDURES
Cloning, Protein Expression, and Purification-The M. tuberculosis fadD10 (Rv0099) gene was amplified by PCR, incorporated into the pDEST17 vector by gateway cloning (Invitrogen), and then transformed into either Novagen BL21(DE3)pLys E. coli cells for expression of native protein or Novagen B834(DE3)pLys cells for selenomethionine-incorporated protein expression.
The cells were cultured at 37°C until an A 600 of 0.8 was reached. For native protein expression, 1 mM isopropyl 1-thio-␤-D-galactopyranoside was added to induce expression, and the cells were grown overnight at 20°C. For selenomethionine-incorporated protein expression, the cells were collected at an A 600 of 0.8, centrifuged, and then resuspended and transferred into minimal media with selenomethionine. Induction of expression and growth were the same as for the native protein.
After harvesting, the cells were resuspended in 25 mM Tris (pH 8.0), 500 mM NaCl, and 2 mM ␤-mercaptoethanol and lysed by French press. Recombinant FadD10 with an N-terminal poly-His tag was purified by nickel affinity chromatography followed by gel filtration. The His 6 tag was then cleaved by tobacco etch virus protease, and the untagged protein was passed through another nickel column in 25 mM Tris (pH 8.0), 100 mM NaCl, and 2 mM ␤-mercaptoethanol. It was then concentrated to 15 mg ml Ϫ1 , flash-frozen, and stored at Ϫ80°C. The M. tuberculosis Rv0100 gene was amplified by PCR and ligated into the Novagen pET28b vector. The E. coli phosphopantetheine transferase Sfp was cloned into Novagen pETduet-1 vector. The plasmids containing Rv0100 and Sfp, respectively, were co-transformed into Novagen BL21(DE3) E. coli cells and then expressed as described for the native FadD10. Recombinant holo-Rv0100 with a His 6 tag was purified by nickel affinity chromatography in 25 mM Tris (pH 8.0), 100 mM NaCl, and 2 mM ␤-mercaptoethanol.
Crystallization-Crystals of Se-FadD10 (selenomethionineincorporated) were grown at 18°C by hanging drop vapor diffusion. Each drop contained an equal volume of the protein solution and reservoir solution (0.32-0.36 mM LiSO 4 and 15-30% polyethylene glycol 6000).
FadD10 in complex with dodecanoyl-AMP was obtained by incubating the protein solution for 1 h with the reaction mixture in a 10:1 volume ratio. The reaction mixture was made by incubating 10 M FadD10 with 2.5 mM ATP, 10 mM MgCl 2 , and 1 mM dodecanoic acid for 1 h at 37°C, then filtering out the protein, and concentrating the mixture 10-fold. Crystals formed in hanging drops after 4 days in 4 M potassium formate.
Data Collection and Processing-Diffraction data from a single apo-Se-FadD10 crystal was collected at 120 K using a cryoprotection solution consisting of the crystallization condition with the addition of 30% glycerol. Crystals diffracted to 2.20 Å at beam line 5.0.2 at the Advanced Light Source. A total of 180°d iffraction data were collected at the wavelength of 0.9795 Å, which is the absorption peak of Se-FadD10 crystals. Diffraction data of FadD10 in complex with dodecanoyl-AMP were collected to 2.44 Å at the wavelength of 1.542 Å using Rigaku R-AXIS IVϩϩ at home source. All the data were processed and reduced using HKL2000 (23) . The crystals of apo-Se-FadD10 are in the space group P2 1 , with two molecules in each asymmetric unit. The crystals of FadD10 binding dodecanoyl-AMP are in the space group P3 1 21, with one molecule in each asymmetric unit (Table 1) .
Structure Determination and Model Refinement-The phase of Se-FadD10 was determine by single-wavelength anomalous dispersion using Autosol in PHENIX (24) . Twenty two selenium atoms were located and refined per asymmetric unit until the overall figure of merit reaches 0.32. An initial model was built by Autobuild in PHENIX (24) . Manual rebuilding was then performed to improve the model using Coot (25) . The final model was obtained after further cycles of model building and PHENIX refinement yielding R cryst and R free of 22.69 and 27.28%, respectively. There are two subunits, designated as A and B, as well as four sulfate ions and 59 water molecules per asymmetric unit in the refined model. A total of 508 and 502 out of 540 residues for chain A and B, respectively, were visible and built into the electron density. The missing residues are due to the absence of interpretable electron density. They include the N-terminal residues 1-8, the C-terminal residues 532-540, and the loop residues 145-154, 424, and 477-480 of chain A and the N-terminal residues 1-3, the C-terminal residues 532-540, and the loop residues 125-131, 145-154, 161-164, and 179 -183 of chain B. Residues Ser-178, Thr-181, Glu-183, and Lys-185 of chain A and residues Glu-426, Arg-451, Ser-474, Glu-476, and Leu-477 of chain B were built as alanine due to ambiguous side chain electron density.
The structure of FadD10 in complex with dodecanoyl-AMP was solved by molecular replacement using MOLREP (26) in CCP4. A single solution for the molecular replacement was obtained using the chain A of apo-FadD10 as the search model. Dodecanoyl-AMP was manually built in the model by examining the F o Ϫ F c map in Coot (25) . The final model was obtained after further cycles of model building and PHENIX refinement, to 2.80 Å, yielding R cryst and R free of 22.61 and 27.95%, respectively. There is one subunit of FadD10, one dodecanoyl-AMP, and 32 water molecules in each asymmetric unit. A total of 508 residues were built into the refined model. The N-terminal residues 1-10, the C-terminal residues 532-540, and the loop residues 124 -128, 147-152, and 179 -180 are missing from the model due to the absence of interpretable electron density. The complete refinement statistics are given in Table 1 .
Enzymatic Assays to Detect Acylation of Rv0100-FadD10 (1.5 M) and Rv0100 (20 M) were incubated with 2 mM ATP, 5 mM MgCl 2 in the presence of 200 M different fatty acids, in 25 mM ammonium bicarbonate buffer at pH 7.8, for 1 h. The salts were removed by diluting and concentrating the solutions by 10-fold in 25 mM ammonium bicarbonate buffer for three cycles. The resulted samples were mixed with acetonitrile and formic acid in a ratio of 1:1:0.002 and then analyzed by Bruker microQTOF-QII.
HPLC-MS Analysis of Dodecanoyl Amino Acids-FadD10 (10 M) was incubated with 2 mM ATP, 8 mM MgCl 2 , 200 M dodecanoic acid in the presence of 2 mM of different amino acids, in 50 mM phosphate buffer at pH 6.5, for 1 h. The macromolecules were removed by passing the solutions through 5-kDa cutoff filters. 100 l of each reaction product were injected in to HPLC coupled with ESI-MS analysis. The HPLC was performed with an Atlantis T3 5-m column (4.6 ϫ 250 mm), using a 5% acetonitrile, 0.1% TFA wash for 10 min followed by a 5-80% acetonitrile, 0.1% TFA gradient over 1 h.
RESULTS AND DISCUSSION
Crystal Structures of M. tuberculosis FadD10 Subunit-To understand the molecular basis of the FAAL activity of FadD10 arising from a primary sequence more similar to FACLs, we have determined the structures of FadD10 in both apo-and complexed forms. The full-length apo M. tuberculosis FadD10 crystallized in space group P2 1 and its structure was solved using selenium single wavelength anomalous dispersion. The asymmetric unit contains a dimer ( Fig. 2A) , consistent with the gel filtration analysis (data not shown). The two subunits are very similar with an r.m.s.d. of 0.68 Å for 491 ␣-carbons after superimposition (Fig. 2C) . For the chains designated as A and B, a total of 508 and 502 out of 540 residues, respectively, were visible and built into the electron density. Residues Ser-178, Thr-181, Glu-183, and Lys-185 of chain A and residues Glu-426, Arg-451, Ser-474, Glu-476, and Leu-477 of chain B were built as alanine due to ambiguous side chain electron density. The structure was refined to 2.2 Å resolution with a final R-factor of 22.7% and an R-free of 27.3%. Statistics of the refined structures are listed in Table 1 .
FadD10 complexed with the half-reaction product dodecanoyl-AMP crystallized in space group P3 1 21. Its structure was solved by molecular replacement using chain A of our refined apo structure as the search model. Dodecanoyl-AMP was built into a clear electron density (F o Ϫ F c map) located at the active site (Fig. 2B) . In this crystal, M. tuberculosis FadD10 packed with one molecule per asymmetric unit, and the two subunits of the dimer are related to each other by a crystallographic 2-fold symmetry. The structure, with 508 residues built into the electron density, was refined to 2.8 Å resolution with an R-factor of 22.6% and an R-free of 27.9%. Superposition of the complexed M. tuberculosis FadD10 subunit with the chain A and chain B from the apo-crystal yields an r.m.s.d. of 0.596 and 0.637 Å, respectively, for the ␣-carbons (Fig. 2C) .
Each subunit of M. tuberculosis FadD10 is composed of two domains (Fig. 2D) . The N-terminal domain consists of 420 amino acids (residue 1-420), forming a central ␣/␤ structure surrounded by a distorted ␤-sheet on one side and three ␤-strands with intervening ␣-helices on the other side. The loop containing the residues 421 KGRSS 425 extends from the ␤-strand B15 and continues into the C-terminal domain, consisting of 115 amino acids (residues 426 -540). This domain is composed of three ␤-strands surrounded by two ␣-helices and a pair of short anti-parallel ␤-strands at the beginning of the domain. Analysis of the complexed FadD10 subunit structure using Vector Alignment Search Tool (27) . When the N-terminal domains were aligned, the C-terminal domains were found to be in a completely different orientation, even though the secondary structural elements of their C-terminal domains were quite similar. Indeed, dividing FadD10 into N-and C-terminal domains allowed 80% of its N-terminal structure and 70% of the C-terminal structure to align with FACL13, yielding r.m.s.d. of 2.80 Å for 345 N-terminal domain ␣-carbons and 4.24 Å for 101 C-terminal domain ␣-carbons. A similar result was observed when M. tuberculosis FadD10 was compared with the other adenylate-forming homologues identified by Vector Alignment Search Tool, i.e. structural superposition could only be obtained when the N-and C-terminal domains were overlaid independently. Although all of the adenylate-forming enzymes complexed with adenylate (including analogues) share a similar inter-domain orientation, M. tuberculosis FadD10 adopts a distinctive inter-domain conformation (Fig. 3A) . As expected, similar alignments were obtained with the apo structure of FadD10.
The adenylate-forming superfamily of proteins that have been structurally characterized revealed remarkable conformational flexibility between the N-and C-terminal domains (28 -34) . The inter-domain orientations of these proteins vary noticeably among the apo structures as well as between the apo and the respective ligand-bound structures of the individual proteins. Such variations are not correlated to the functions of different subclasses. They likely arise because the two domains form no significant protein-protein interdomain contacts and are connected by only a flexible loop. This feature allows the two domains to rearrange upon substrates binding to desolvate the active site, a process that has been referred to as the "domain alternation" mechanism for the adenylate-forming superfamily (22) . This mode of ligand binding is exemplified by the Thermus thermophilus long chain fatty acyl-CoA synthetase (32) . When this protein binds AMPPNP or myristoyl-AMP, its C-terminal domain rotates almost 180°r elative to the inter-domain linkage loop ( from the N-terminal domain (Fig. 2E) . Specifically, the sidechain oxygen of Ser-524 forms hydrogen bonds with both the side-chain oxygen of Glu-340 (2.5 Å) and the backbone nitrogen of Ala-301 (3.3 Å). More inter-domain hydrogen bonds are formed by the backbone nitrogens of Ala-523 (3.1 Å) and Ser-524 (3.3 Å) with the side-chain carboxylate of Glu-340, as well as between the side-chain amine of Lys-279 and the side-chain oxygen atoms of Asp-511 (3.1 and 3.3 Å). These interactions are maintained in both the apo-M. tuberculosis FadD10 structure and the complexed structure with dodecanoyl-AMP, which greatly limits the inter-domain movement of the protein. A similar inter-domain contact has not been observed in the other adenylate-forming proteins. The reason is likely due to the absence of the structural elements found in M. tuberculosis FadD10 accounting for this interaction. Although A9, A10, and A15 are structurally conserved, the structural equivalent to helix A11 of FadD10 (Fig. 3B, panel i) notably varies among adenylate-forming proteins. A short helix equivalent to A11 is found in only four members, including the adenylation domains DhbE (30) and DltA (35) , as well as the acyl-CoA synthetases, long chain fatty acyl-CoA synthetase (32), and M. tuberculosis FACL13 (29) . However, the glutamate residue (Glu-340) essential to forming inter-domain hydrogen bonds in M. tuberculosis FadD10 is replaced by nonpolar residues in these four homologous proteins (Fig. 3B, panel ii) . A significant structural alteration of A11 is observed in FAALs, including the N-terminal domain of M. tuberculosis FAAL28 (3), the fulllength E. coli, and L. pneumophila FAALs (4), where the helix A11 is replaced by a ␤-strand followed by an ␣-helix or a loop (Fig. 3B, panel iii) . This is the location where the ϳ20-amino acid insertion motif occurs in FAALs, which has been implicated in determining FAAL activity. In all of the other structures that have been determined for the adenylate-forming superfamily, the region equivalent to the helix A11 is disordered (Fig. 3B, panel iv) .
The second factor contributing to the rigidity of M. tuberculosis FadD10 open conformation arises from the quaternary organization of the dimer. According to the current understanding of adenylate-forming proteins, most of them, including FAALs (4), are functional as monomers. The only subclass that can form dimers are the acyl-CoA synthetases, and for these proteins the dimerization interface is always limited to the N-terminal domains. This observation is consistent with the acyl-CoA synthetic mechanism, which requires the C-terminal domain to move freely relative to the N-terminal domain to bind ATP and then coenzyme A in the stepwise reactions. M. tuberculosis FadD10 is also shown to be a dimer in solution based on both gel filtration analysis (data not shown), and PISA (Protein Interfaces, Surfaces, and Assemblies) calculation (36) . In both the apo structure of M. tuberculosis FadD10 and its complexed structure with dodecanoyl-AMP, the two subunits of the dimer form an extensive network of intermolecular interactions, including eight hydrogen bonds and many van der Waals interactions. All of the hydrogen bonds and most of the van der Waals interactions are between residues from the C-terminal domain of one subunit and residues from the N-terminal domain of the other subunit. This confers a contact area of about 1600 Å 2 per 22,000 Å 2 for each subunit. FadD10 is the first adenylate-forming enzyme other than acyl-CoA synthetases to be identified as a dimer. More importantly, the two subunits of the dimer interact in a manner that was previously unseen in the other homologues, and we propose this dimerization mode has played a role in maintaining the open conformation of M. tuberculosis FadD10 upon binding dodecanoyl-AMP.
Conformation of M. tuberculosis FadD10 Prevents
Coenzyme A Binding-The adenylate-forming proteins, as a superfamily, share 10 conserved sequence motifs (37), a similar structural scaffold (22) , and a common half-reaction, the adenylation of the carboxylate group of a substrate. Moreover, structural characterization of the superfamily revealed that a phosphopantetheine binding cavity is structurally conserved in the N-terminal domain. This is consistent with the notion of an evolutionary relationship within the adenylate-forming superfamily, and it strongly argues that the ubiquitous acyl-CoA synthetases are likely to be ancestral (13, 38, 39 ). Functional con- servation of acyl-CoA synthesis activity has also been reported in other sub-classes of the adenylate-forming superfamily. For example, firefly luciferase (38) as well as five different adenylation domains of NRPSs (39) were shown to synthesize luciferylCoA and aminoacyl-CoAs, respectively, when their genuine acyl acceptors were absent, and coenzyme A was added as substrate. In contrast, M. tuberculosis FAALs (acyl-ACP synthetases) that have been studied to date, which have also been proposed to be descendants of acyl-CoA synthetases, lack acylCoA synthesis activity (3, 13) , even though they retain the binding elements of phosphopantetheine. This was demonstrated as well for FadD10.
Structural comparison and analyses of relative domain orientation of FAALs and FadD10 with acyl-CoA synthetases provide a plausible explanation to their inability to turn over acyl-COA. The structures of three acyl-CoA synthetases, Alcaligenes sp. 4-chlorobenzoate-CoA synthetase, human medium chain fatty acyl-CoA synthetase, and E. coli acetyl-CoA synthetase, have all been reported in complex with coenzyme A or derivatives (31, 33, 40) . When these proteins bind to coenzyme A, their C-terminal domains all rotate about 140°relative to the position in the adenylate-bound form. Also, for all of these proteins, the C-terminal domain is explicitly engaged in the binding of coenzyme A through hydrophobic interactions with its nucleotide moiety. This domain reorganization is believed to be requisite for coenzyme A binding by the adenylate-forming enzymes, and hence for the formation of acyl-CoA.
Sequence analysis of M. tuberculosis FadD proteins reveals an N-terminal domain insertion of 10 -24 amino acids only present in the FAAL cluster (Fig. 1) . Using the sequence insertion as an indicator, a number of putative FAALs can be identified in various organisms. Structural studies of E. coli FAAL, L. pneumophila FAAL (4), and the N-terminal domain of M. tuberculosis FAAL28 (3) indicate that the inserted sequence flanks the interface of the two domains. In M. tuberculosis FadD28 and E. coli FAAL, the insertion folds into a ␤-strand followed by a short ␣-helix and a short extension of ␤-strand; in L. pneumophila FAAL, the insertion folds into a ␤-strand and then a loop. The structural insertion does not appear to interfere with the closure of the C-terminal domain to form the adenylate-bound conformation (4). However, it prevents the FAALs from undergoing the large scale inter-domain rotation associated with coenzyme A binding. The functional role of the insertion was further established by showing that its deletion and addition manipulated the gain and loss of acyl-CoA synthesis activity in M. tuberculosis FAALs and FACLs, respectively (3, 13) .
M. tuberculosis FadD10 does not have the FAALs insertion; therefore, the lack of acyl-CoA synthesis activity for M. tuberculosis FadD10 must be based on a different mechanism. We propose that it is the unique inter-domain and intermolecular interactions of FadD10, as described above, that prevent the required inter-domain rearrangement for coenzyme A binding. The introduction of an acyl moiety into a natural product made by a PKS or NRPS is a well recognized function of the acyl-CoA synthetases. Although the acyl-CoA synthetases have been extensively studied, the CoA-independent acyl transfer function has only been recently discovered, and the understanding of its mechanism is limited to FAALs (41) . Functionally analogous to FAALs, M. tuberculosis FadD10 has revealed a distinct strategy to prevent acyl-CoA synthesis. It contradicts the existing model for the catalysis of FAALs dependent on an insertion motif, and therefore it establishes M. tuberculosis FadD10 as a new type of FAAL.
Modeling Studies of the Interactions between M. tuberculosis FadD10 and Rv0100-We have identified the likely binding interface for ACP (Rv0100) on FadD10. Because the transfer of a fatty acyl chain to the ACP by FadD10 is analogous to the transfer of aminoacyl groups to peptidyl carrier proteins by NRPS adenylation domains, we have compared FadD10 with the structure of Pseudomonas aeruginosa PA1221, which is a didomain construct containing an adenylation domain and a peptidyl carrier protein (42) . When the N-terminal domains of the FadD10 and PA1221 adenylation domains (21% identity) are superimposed, their C-terminal domains are in different orientations as expected. Interestingly, the peptidyl carrier protein of the didomain structure is positioned in an orientation poised for the FadD10 substrate to bind. Specifically, the side chain of the active site serine residue of the peptidyl carrier protein is directed toward and is approximately the correct distance to the phosphopantetheine-binding cavity of FadD10 (Fig. 4A) . When the interaction between FadD10 and the PA1221 peptidyl carrier protein is examined over the surface of the FadD10 dimer, we observe a relatively good fit of the carrier protein onto the intermolecular space of the dimer. Because ACPs are highly functional and structurally homologous to the peptidyl carrier proteins, we have generated a homology model of Rv0100 based on the structure of PA1221 peptidyl carrier protein (19% identity) (43) . When the ACP model is overlaid on top of the superposition of FadD10 and PA1221, the interaction of ACP to FadD10 is similar to that of the PA1221 peptidyl carrier protein to FadD10 (Fig. 4B) , which suggests that the open conformation of FadD10 has room for the ACP (Rv0100) to bind for acyl transfer.
Substrate-binding Site of M. tuberculosis FadD10-Several structures of adenylate-forming proteins in complex with adenylated derivatives (including three proteins bound to different long chain acyl-AMPs (4, 32)) have been reported, wherein multiple residues from both the N-and C-terminal domains are involved in the binding of adenylate moiety. However, the interactions between the amino acids of the C-terminal domain to the adenylate moiety are missing in M. tuberculosis FadD10, due to its open conformation. Conserved between FadD10 and the other homologous structures are primarily the interactions between the residues from the N-terminal domain of the enzyme and the adenylate group. The adenosine moiety, which is coordinated by a network of both hydrophobic interactions and hydrogen bonding (Fig. 5A) , sits at the entrance to the catalytic cavity. The planar adenine is sandwiched by the hydrophobic side chains of Tyr-317 and Val-344 on one side, and the backbone atoms of 294 GGSR 297 on the other side. The exocyclic nitrogen forms hydrogen bonds with the side-chain oxygen of Gln-315 (3.2 Å) and the backbone oxygen of Val-316 (3.2 Å). The major binding determinants of ribose are Gly-295 and Asp-408. Specifically, the backbone oxygen of the former forms hydrogen bond (3.3 Å) with the ribose ring oxygen, and a side chain oxygen of the latter interacts with the 3Ј (3.2 Å) ribosyl hydroxyl via hydrogen bond. The ␣-phosphate of AMP interacts with Ser-320 by forming hydrogen bonds between the O2 of the phosphate and the backbone nitrogen (3.3 Å) of this residue.
The dodecanoyl aliphatic chain is buried inside a preformed narrow closed-end tunnel by ␤-strands B9, B10, B11, and ␣-helix A7 (Fig. 5B) . In the apo structure of FadD10, this fatty acyl Approximately 11 Å from the portal of the fatty acyl binding cavity, which is near the C12 of the dodecanoyl chain, the tunnel splits into two directions. In one direction, it extends along strand B9 to Leu-290, whose dimethyl carbons are 5.5 Å from C12 of the dodecanoyl chain. In the other direction, it bends into a highly hydrophobic groove made by the side chains of Leu-201, Val-209, Trp-211, Trp-230, and Tyr-348. At the distal end, it is terminated by the side chains of . The bottom of this groove is about 9.4 Å from C12 of the dodecanoyl chain, raising the possibility that the enzyme could accommodate a longer fatty acid substrate. We compared the fatty acid binding tunnels of the very long chain fatty acyl-CoA synthetase M. tuberculosis FACL13 (active on fatty acid with up to 26 carbons) (29) , FadD10, and the human medium chain fatty acyl-CoA synthetase (active on fatty acid with up to 10 carbons) (33) . The linear distances between the distal end and the portal of their fatty acyl binding tunnels are ϳ17, 14, and 10 Å, respectively, which indicates that the biological substrate of FadD10 is probably a long chain fatty acid. Based on the geometric modeling and taking into account of the contact distance associated with atomic van der Waals radii, the fatty acid binding tunnel in FadD10 could accommodate at most 16 carbons (i.e. hexadecanoic acid).
To further determine the fatty acid specificity of FadD10, we incubated M. tuberculosis FadD10 and the holo-ACP (Rv0100), with fatty acids of varying chain length and degree of saturation, and we then analyzed the results for the acylation of ACP (Rv0100) using ESI-QTOF mass spectrometry. We observed acylated ACP even when hexadecanoic acid was used as a substrate (Fig. 5C ). This is consistent with the modeling study that shows a hexadecyl chain can be accommodated in the fatty acid binding tunnel of FadD10 and the study by Chhabraa et al. (16) showing that FadD10 could utilize fatty acids with up to 16 carbons in the adenylation reaction. The lower product yield for hexadecanoic acid could reflect differences in solubility or affinity. We have also observed a higher activity of FadD10 with hexadecanoic acid than 2-trans-hexadecanoic acid, which suggests that FadD10 prefers saturated fatty acid substrates. We previously identified Rv0098 as a long chain (C12-C18) fatty acyl-CoA thioesterase. Taken together with the structural analyses and enzymatic characterization of FadD10 (Rv0099), it suggests that the lipopeptide produced by the M. tuberculosis Rv0096 -Rv0101 operon incorporates a long chain fatty acid, particularly tetradecanoic acid that demonstrated the highest activity to acylate the ACP (Rv0100).
ATP-dependent amide bond synthesis activity has been previously reported for the short chain acyl-CoA synthetases as well as for firefly luciferase (44) . Specifically, this was observed when cysteine analogues, including D-cysteine, homocysteine, and L-cysteine, were used as substrates to react with the preferred acid substrate of each enzyme. N-Acylated cysteine derivatives were detected (44) . We have observed a similar activity in FadD10 using cysteine as a substrate (Fig. 5D) . Unlike the side reactions observed in short chain acyl-CoA synthetases and firefly luciferase, whose amide forming activity is limited to cysteine analogues (44) , FadD10 is promiscuous with respect to other amino acids, specifically histidine, aspartate, glycine, and phenylalanine as we have tested (data not shown). Other amide synthetases belonging to the adenylate-forming superfamily have been reported. NovL, CloL, CouL, and SimL involved in novobiocin, clorobiocin, coumermycin A1, and simocyclinone D8 synthesis, respectively, can catalyze the formation of an amide bond between the amino group on the aminocoumarin ring and a carboxylate moiety through forming an adenylated intermediate (45) (46) (47) (48) . Similar to fadD10, these four enzymes are in proximity to and cooperate with NRPS-encoding genes. This suggests that amide formation, a side reaction to thioesterification of adenylate-forming enzymes, may evolve into a major biological function.
Superposition of FadD10 with acyl-CoA synthetase complexed with coenzyme A derivatives shows that the phosphopantetheine binding cavity is in the N-terminal domain of FadD10. In our two structures, the continuity between the phosphopantetheine cavity and the fatty acyl binding tunnel is blocked by the side chain of His-225. A conserved aromatic residue (either histidine, phenylalanine, or tryptophan), equivalent to His-225 in FadD10, is found in the sequences of all of the adenylate-forming enzymes. It is thought to function in the proper positioning of a fatty acid substrate into its cognate binding tunnel instead of extending into the phosphopantetheine-binding site. More clearly described in the human medium chain fatty acyl CoA synthase (33) , the indole ring of Trp-265 (equivalent to His-225 in FadD10) rotates about 180°r elative to the main chain in the ATP-or coenzyme A-binding state. This action switches off and on the connection between the fatty acid binding tunnel and the phosphopantetheine binding cavity. FadD10 should adopt a similar scheme to reorient His-225 in the context of the overall reaction to allow for the extension of the phosphopantetheine terminus of the ACP (Rv0100) into the fatty acid-binding site.
Conclusion-We have determined the apo structure and dodecanoyl-AMP-bound structures of M. tuberculosis FadD10, leading to the characterization of a new type of adenylate-forming enzyme. FadD10, independent of the presence of ligand, adopts and maintains an open conformation wherein the interdomain orientation prevents the binding of coenzyme A. Although M. tuberculosis FadD10 has a primary sequence similar to FACLs, we have clearly shown that it is indeed an FAAL that is only able to acylate an ACP (Rv0100) rather than coenzyme A. This activity is consistent with the structural features of FadD10 and is in agreement with the operon organization of M. tuberculosis Rv0099 (FadD10)-Rv0101 (nrp), an assembly line for the production of lipopeptide(s). Because many similar gene clusters, involving an FAAL, an ACP, and an NRPS, have been observed in the synthetic pathways for bioactive lipopeptides (49 -54) , it is therefore very likely that enzymes with similar mechanisms and structures to M. tuberculosis FadD10 will be discovered in nature.
